ABSTRACT: Photocathodes are a key component in the production of electron beams in systems such as X-ray freeelectron lasers and X-ray energy-recovery linacs. Alkali-based materials display high quantum efficiency (QE), however, their QE undergoes degradation faster than metal photocathodes even in the high vacuum conditions where they operate. The high reactivity of alkali-based surfaces points to surface reactions with residual gases as one of the most important factors for the degradation of QE. To advance the understanding on the degradation of the QE, we investigated the surface reactivity of common residual gas molecules (e.g., O 2 , CO 2 , CO, H 2 O, N 2 , and H 2 ) on one of the best-known alkali-based photocathode materials, cesium antimonide (Cs 3 Sb), using first-principles calculations based on density functional theory. The reaction sites, adsorption energy, and effect in the local electronic structure upon reaction of these molecules on (001), (110), and (111) surfaces of Cs 3 Sb were computed and analyzed. The adsorption energy of these molecules on Cs 3 Sb follows the trend of O 2 (−4.5 eV) > CO 2 (−1.9 eV) > H 2 O (−1.0 eV) > CO (−0.8 eV) > N 2 (−0.3 eV) ≈ H 2 (−0.2 eV), which agrees with experimental data on the effect of these gases on the degradation of QE. The interaction strength is determined by the charge transfer from the surfaces to the molecules. The adsorption and dissociation of O containing molecules modify the surface chemistry such as the composition, structure, charge distribution, surface dipole, and work function of Cs 3 Sb, resulting in the degradation of QE with exposure to O 2 , CO 2 , H 2 O, and CO.
INTRODUCTION
Alkali-based photocathodes with high quantum efficiency (QE) in the visible spectrum are promising candidates for high quality electron beams for X-ray free-electron laser (XFEL) and energy-recovery linacs (XERL). 1 However, they are also known to suffer from fast degradation of QE under ultrahigh vacuum (UHV) conditions, even in the absence of illumination. 2−6 In general, surface reaction with residual gases in the vacuum chamber is one of the most important factors in determining the stability and shelf life of photocathodes containing alkali metals. 7 Therefore, a clear understanding of the interaction of gas molecules with photocathodes is necessary to suppress or eliminate the degradation of the QE.
Previously, the contaminating effect due to residual gases was investigated by exposing the photocathodes to individual gas species under controlled conditions. 5,8−12 As early as 1969, Decker studied the decay characteristics of alkali-Sb photocathodes exposed to residual environment gases. 13 Later, the poisoning effect on Cs 3 Sb photocathodes was investigated by a few other groups. 2, 12 The discovery of negative electron affinity (NEA) GaAs-Cs photocathode has stimulated more interest in the degradation of alkali-based photocathodes in the community. 5, 8, 9, 11, 14 It has been demonstrated that oxygen containing molecules, such as O 2 , CO 2 , CO, and H 2 O, produce significant degradation to the QE, while N 2 and H 2 have no effect to the QE. 2, 5, 8, 9, 11, 14, 15 Based on these experiments, it has been proposed that O 2 , CO 2 , and H 2 O experience dissociative adsorption on the surface of alkali-based photocathodes, while CO adsorbs molecularly on the surface without dissociating into C and O atoms. 5, 8 The O atoms dissociated from the O 2 , CO 2 , and H 2 O molecules change the surface chemistry by deviating from the optimum Cs/O composition ratio and results in strong reduction of the QE. 5, 8, 10 Recently, a theoretical kinetic model was presented that describes the experimental data of QE degradation on the basis of three thermodynamic states: a desorbed gas molecule, a physisorbed state, and a reacted chemisorbed state. 6 Whereas these experiments provide data on the kinetics of gases interacting with photocathodes, which is confirmed with the kinetic model mentioned above, 6 no comprehensively theoretical efforts have been undertaken to elucidate the underlying physics and chemistry involved in the degradation process.
The present study seeks to advance the understanding of the degradation mechanism of alkali-based photocathodes upon exposure to residual gases. The interaction of common residual gases (O 2 , CO 2 , CO, H 2 O, N 2 , and H 2 ) with one well-known alkali-based photoemitter, Cs 3 Sb, was explored using firstprinciples calculations based on density functional theory. The reaction sites, adsorption energy, and effect in the local electronic structure upon reaction of these molecules on (001), (110), and (111) surfaces of Cs 3 Sb were computed and analyzed. To the best of our knowledge, this is the first theoretical investigation on the interaction of gas molecules with alkali-based photocathodes. Our results are important to interpret the experimental data and provide atomic-level insights into the degradation of photocathodes with exposure to residual gases. It should be pointed out that in the present study we focus on the adsorption of neutral gas molecules on pristine Cs 3 Sb surfaces as a first step to understand the fundamental interaction of gases with alkali-based photocathodes. Other factors that are of importance in real accelerator applications, such as surface roughness, defects, heating of the cathodes, ion back bombardment, ionization of gases, and surface chemical activation, are not involved in our computational model.
COMPUTATIONAL MODELS AND METHODS
The calculations were performed with the use of density functional theory (DFT) and projector augmented-wave (PAW) method 16 as implemented in the Vienna ab initio simulation package (VASP). 17 Plane wave basis sets with a cutoff energy of 500 eV were employed. 16 The generalized gradient approximation (GGA) of Perdew−Burke−Ernzerhof (PBE) 18 functional was used to represent the exchangecorrelation interaction. The van der Waals (vdW) dispersion based on DFT-D3 method of Grimme 19 was included in the calculations. The Sb 5s and 5p; the Cs 5s, 5p, and 6s electrons were treated as valence electrons. The energy convergence was set to 10 −6 eV, and the residual force on each atom was smaller than 0.01 eV/Å for structural relaxations.
Bulk Cs 3 Sb crystallizes either in a hexagonal Na 3 As structure or the cubic DO 3 structure. 20 In the present study, we focus on the cubic DO 3 structure, which has high photosensitivity. 20−22 As shown in Figure 1a , our calculations find the lattice constant of 9.16 Å, which is in excellent agreement with the experimental value of 9.128 Å (see Table 1 ). 23 The calculated electronic band structure of Cs 3 Sb, as shown in Figure 1b , is consistent with previous reports that bulk Cs 3 Sb is a semiconductor with an indirect band gap of 0.82 eV with the PBE functional. 21 It is already well-known that semiconductor band gaps are underestimated at GGA-DFT level of theory, hence, we further calculate the band structure of Cs 3 Sb with the Heyd-ScuseriaErnzerh (HSE06) hybrid functional, which incorporates the exact exchange. 24 The HSE06 hybrid functional improves the computed band gap to 1.39 eV, which is closer to the experimental value of 1.60 eV. 25 The bond lengths and formation energies of the considered gas molecules are listed in Table 2 , which are also in excellent agreement with the experiments, 26 suggesting accuracy and reliability of the calculated results in the present study.
The surfaces of Cs 3 Sb were represented in the threedimensional periodic-boundary-condition simulation with a vacuum gap in the direction perpendicular to the surface. In the supercell, the vacuum distance normal to the slab was larger than 20 Å to eliminate the interactions between the replicas due to the periodic boundary conditions in the direction normal to the surface. The low index surfaces (001), (110), and (111) of Cs 3 Sb were considered. The lateral dimensions of the simulations cells for the (001), (110), and (111) surfaces were 9.15 × 9.15, 9.15 × 12.95, and 12.95 × 12.95 (60°) Å 2 , respectively. The reciprocal space was sampled by Monkhorst− Pack k points in the Brillouin zone with a grid of (3 × 3 × 1), (3 × 2 × 1), and (2 × 2 × 1), respectively.
The adsorption energy of a gas molecule on the surfaces is defined as
where E slab is the energy of the pristine slab, E molecule is the formation energy of the gas molecule, as listed in Table 2 , and E total is the total energy of the composite system after adsorption of gas molecules. By this definition, a negative value of E ads corresponds to an exothermic process, which means the molecule will spontaneously adsorb on the surface. In the initial configurations for the geometry optimization, the gas molecules were located over different surface sites 4 Å above the surface. Both parallel and vertical configurations of gas molecules on the surfaces were considered. During structural relaxation, the atoms in the top layers within a thickness of 5 Å were allowed to fully relax, and the rest of the atoms in the bottom layers were constrained. The dipole correction was included to nullify the artificial field imposed on the slab by the periodic boundary conditions. 29 No magnetic moment was found for the pristine surfaces or the composite systems after the adsorption of gas molecules in spin polarized calculations. Due to the high extra computational cost of using the hybrid functional HSE06, 24 we limited the use of this functional to single-point calculations at the PBE optimized geometries for band structure and for the molecular binding 
where E slab is the total energy of the slab, n Cs , and n Sb are the number of Cs and Sb atoms in the slab, μ Cs and μ Sb are the chemical potential of Cs and Sb, respectively, A is the surface area, and γ can be considered as the energy for creating the surface, the most stable surface will minimize γ. Since the surfaces are in equilibrium with the underlying bulk material, the chemical potentials μ Cs and μ Cs are not independent, they are related via the expression: 3 μ Cs + μ Sb = μ Cs 3 Sb . Here, μ Cs 3 Sb is the chemical potential of bulk Cs 3 Sb per unit formula, which can be approximated by the total energy of bulk Cs 3 Sb, E Cs 3 Sb . Substituting this into eq 2 yields the surface energy depending only on the chemical potential μ Cs 
Considering the chemical potential μ Cs and μ Sb must be smaller than the energy of the atom in the corresponding stable bulk phase of Cs and Sb (as listed in Table 1 
we can obtain the upper and lower limits for the chemical potential μ Cs 
The upper limit of μ Cs corresponds to a Cs-rich condition, and the lower limit corresponds to a Cs-poor condition. The relative stability of the surfaces with different terminations is compared between the lower and upper limits of μ Cs . 3.1.1. (001) Surface of Cs 3 Sb. The (001) surface can have two kinds of terminations (see Figure 2a) . One termination is comprised of only Cs atoms (labeled as "A"). The other termination is comprised of both Cs and Sb atoms (labeled as "B"). Three distinguished adsorption sites on this surface are labeled as Cs 1 , Cs 2 , and Sb 2 , respectively. The surface energy of A termination is plotted with solid black line in Figure 3 , and the surface energy of B termination is plotted with dotted black line. It is found that the surface with A termination is more stable than the surface with B termination between the lower and upper limits of μ Cs . Figure 2c is considered for the adsorption of gas molecules. Three different adsorption sites Cs 1 , Cs 3 , and Sb 2 are considered for this surface.
From the surface energies in Figure 3 , it is found that the (001) surface with A termination is the most stable surface in a Cs-rich condition. In the Cs-poor condition, close to the lower limit of μ Cs , the (111) surface with A/B/A/A termination is more preferred. The (110) surface is more stable in the range from −1.25 to −1.04 eV for μ Cs . Considering that the Cs 3 Sb photocathode is fabricated by depositing Cs onto a film of Sb in experiments, it is likely that these facets will coexist in the samples due to the difficulty in controlling the stoichiometry at atomic level. Therefore, all these surfaces with the most stable terminations are considered to study the interaction with gas molecules.
3.2. O 2 Adsorption on (001) Surface of Cs 3 Sb. Experimentally, O 2 has been shown to have the strongest or fastest degradation effect to the QE of alkali-based photocathodes among the investigated gas molecules. 5 This is explained as the direct reaction of O 2 with the photocathodes, which changes the surface chemistry and increases the energy barrier for electrons to escape from the surface to the vacuum. 5, 32 The computed equilibrium adsorption configurations of O 2 on (001) surface of Cs 3 Sb are shown in Table 3 . We identified three different adsorptions sites on this surface (see Figure 2a ): Cs 1 corresponding to the site above a Cs atom on the top layer, Cs 2 on the exposed Cs of the second layer, and Sb 2 on the Sb atom of the second layer. The largest adsorption energy of −4.50 eV is found for the adsorption at the Cs 2 site in a vertical configuration. The large adsorption energy indicates strong chemical interactions between O 2 and Cs 3 Sb. The adsorption at Cs 2 in the parallel configuration is slightly weaker than the vertical configuration with an adsorption energy of −4.09 eV. The adsorption energy at Sb 2 site is −2.65 eV for the vertical configuration, and −2.31 eV for the parallel configuration. The adsorption on top of Cs 1 has the lowest adsorption energy of −0.82 and −1.38 eV for the vertical and parallel configurations, respectively. In the most stable configuration, the O−O bond length is increased to 1.50 Å, which is a 24% increase compared to the O−O bond length in the free gas indicating oxidation of the surface and electron transfer from the Cs to the O 2 molecule. The shortest Cs−O bond length is found to be 2.57 Å.
To gain further insight into the interaction of O 2 with Cs 3 Sb, we mapped the potential energy surface (PES) of O 2 molecule on the (001) surface as shown in Figure 4 . The PES was obtained by fixing the lateral position of the O 2 molecule over the surface, and allowing the molecule to relax along the vertical direction. The surface atoms of the slab are fully optimized during this process. The energy minimum is found at the Cs 2 site, which implies this to be the energetically preferable adsorption site. The Sb 2 and Cs 1 sites are found actually to be local maxima, suggesting the adsorption of O 2 at Cs 1 and Sb 2 sites is not dynamically stable. Thus, O 2 molecules are expected to adsorb dominantly at Cs 2 sites. This is due to the high reactivity of alkali atoms at the surfaces, O 2 prefers to penetrate into the outermost Cs layer, so it can interact with neighboring Cs atoms as many as possible. A local minimum is also identified along the Sb 2 −Cs 1 line with an adsorption energy of −3.5 eV. A molecule at this local minimum would have to overcome a barrier roughly 0.3 eV to migrate to the global minimum site Cs 2 . From Bader charge analysis, 33 it is found that O 2 accepts 1.57 e − from the neighboring Cs atoms at the The Journal of Physical Chemistry C Article Cs 2 site. The charge transfer can be clearly seen in the charge redistribution plots in Figure S1 in the Supporting Information. The charge density increases around the O atoms and decreases in the region between Cs and O, indicating an ionic character of the bonds between Cs and O. It has been proposed that an O 2 molecule may undergo dissociative adsorption on alkali-based photocathodes. 5, 8 We calculated the dissociation energy of O 2 on the (001) surface of Cs 3 Sb, as shown in Figure S2 (a). The dissociation process of O 2 on this surface is found to be highly exothermic with a negative dissociation energy of −3.12 eV, which supports the dissociation of O 2 , thus, the high reactivity of O 2 on alkali-based photocathodes.
Work Function. The work function plays a crucial role in determining the emittance of photocathodes. 34 It is the least energy required for an electron to escape from the surface to the vacuum, and can be expressed as Φ = E vacuum − E Fermi , where E vacuum is the vacuum level, and E Fermi is the Fermi energy of the material. To check the effect of O 2 adsorption and dissociation on the QE of Cs 3 Sb, the work function of the (001) surface with different level of O coverage were calculated. As shown in the inset of Figure 5a , the (2 × 2) model of the (001) surface contains eight Cs 2 sites, the coverage of O is defined as the ratio of the number of sites that are occupied by O atoms to the total number of Cs 2 sites. Due to the high reactivity of the Cs 2 sites, the coverage of O on these sites is expected to increase gradually with exposure to O 2 .
The work function of the pristine (001) slab is calculated to be 2.1 eV, which agrees with the experimental value of 2.0 eV. 35 With a small amount of O coverage, the work function is found to decrease; and it gradually increases with O coverage larger than 50% (Figure 5a ). This indicates that a small amount of O adsorption on the (001) surface of Cs 3 Sb should improve the QE of this surface, while the adsorption of more than 1/2 monolayer of O degrades the QE. The prediction from calculations is consistent with the experimental report that small amount of oxygen contaminant sensitizes the surface and causes an increase of the photocurrent of Cs 3 Sb, whereas larger amounts of oxygen contaminant causes a decline of the photocurrent. 3 The change of work function with different O coverage is strongly correlated to the surface dipole as shown in Figure 5b . In this figure, a positive value means the surface dipole is pointing out of the surface, while a negative value represents the dipole is pointing into the bulk. A small amount of O adsorption enhances the outward dipole, which contributes to the photoemission, while a large amount of O coverage weakens the outward dipole and even changes the direction of the dipole, thus, making photoemission more difficult. A schematic model of the surface dipole is shown in the insects of Figure 5b . The O atoms bind strongly to the surface with adsorption energy of −3.9 eV/O atom at a small oxygen coverage (see Figure S3 (a) in the Supporting Information), and it decreases to −2.4 eV/O atom at a large oxygen coverage as a result of the competition among the adsorbed O atoms. The decrease in the adsorption energy is accompanied by the change in the relative positions of adsorbed O atoms and the top Cs atoms: the adsorbed O atoms are buried by neighboring Cs atom at a small amount of O coverage, while they tend to expose to the surface at a large amount of coverage as indicated by the relative position difference between the adsorbed O atoms and the Cs atoms in the top layer (see Figure S3 (b) in the Supporting Information). The buried O atoms contribute to a dipole pointing outward the slab, and the exposed O atoms contribute to a dipole in the opposite direction. The result from the calculations are in line with the fact that Cs and O 2 could be used to activate NEA photocathodes, such as GaAs. 36, 37 Cs and O could form an atomically Cs−O layer with low work function on the surface of GaAs, which benefits the electrons to escape to the vacuum thus increases the QE of photocathodes. 5, 36, 38 Work function of the Cs−O layer is sensitive to the composition ratio of Cs/O at the surface. Deviation from the optimum composition ratio will result in the increase of work function and deteriorate the performance of photocathodes. 36, 37 The calculations reveal the significant roles of the surface chemical composition and the surface dipole to the work function, thus, the performance of photocathodes. The Journal of Physical Chemistry C Article 3.3. CO 2 Adsorption on (001) Surface of Cs 3 Sb. CO 2 is another gas molecule that shows significant degradation effect to the QE of alkali-based photocathodes. 5, 9 It has been proposed that CO 2 experiences dissociative adsorption on the surface, 14 however, direct evidence of the dissociation of CO 2 is still missing.
The adsorption configurations of CO 2 on (001) surface of Cs 3 Sb are summarized in Table 4 . The adsorption at Cs 2 site has the largest adsorption energy of −1.81 and −1.92 eV for the vertical and parallel configurations, respectively. The adsorption energy at the Sb 2 site is −0.21 and −0.49 eV for vertical and parallel configurations. At the Cs 1 site, the lowest energy is found to be −0.14 and −0.17 eV. For the adsorption at Cs 2 site, the CO 2 molecule is found to be bent, and the C−O bond length is increased to 1.30 Å as compared to 1.18 Å in the free gas. From Bader charge analysis, 33 it is found that CO 2 attracts 1.53 e − from the surface, and most of the transferred electrons are concentrated on the C atom. The charge transfer can also be clearly seen in the charge redistribution plots in Figure S1 in the Supporting Information. The large adsorption energy and significant charge transfer indicate strong chemical interactions between CO 2 and the (001) surface of Cs 3 Sb. The shortest bond for Cs−O and Cs−C is 2.73 and 3.02 Å, respectively. The dissociation of CO 2 into CO and O species on this surface is found to be endothermic with an energy gain of 0.48 eV (see Figure S2 (b) in the Supporting Information), suggesting that CO 2 does not readily dissociate on these surfaces.
3.4. CO Adsorption on (001) Surface of Cs 3 Sb. The effect of CO on the QE of alkali-based photocathodes is still under debate in the literature. Wada et al. 9 have shown that CO has no effect on the QE of NEA photocathode GaAs. While minor and slow degradation effects on the QE were observed by Chanlek et al. 5, 11 in a more sophisticated vacuum system with a lower base pressure.
The adsorption configurations of CO on (001) surface of Cs 3 Sb are shown in Table 5 . Note that the vertical and parallel adsorption of CO at the Cs 2 site is relaxed to the similar final configuration with adsorption energy of −0.71 eV. The adsorption at Sb 2 site has lower adsorption energy of −0.29 and −0.39 eV for the vertical and parallel configuration, respectively. At the Cs 1 site, the adsorption energy is −0.24 eV for the vertical configuration, and the adsorption with parallel configuration is relaxed to the similar structure to the adsorption at Cs 2 site. We have also considered the vertical adsorption configurations of CO with the O atom closer to the surface, which are found to have much smaller adsorption energies than the corresponding configurations with C atom closer to the surface. The C−O bond in the most stable configuration is elongated to 1.21 Å as compared to 1.13 Å in the free gas. The shortest distance from Cs to O and C are fairly large, 3.27 and 3.13 Å, respectively, which are longer than the corresponding distances for the adsorption of O 2 and CO 2 . Bader charge analysis 33 indicates a 0.75 e − transferred from the surface to the molecule. The adsorption energy of CO is much smaller than that of O 2 or CO 2 implying a considerably weaker interaction between CO and Cs 3 Sb, which will lead to a faster desorption kinetics of CO under vacuum conditions. Moreover, the dissociation of CO to C and O atoms on this surface is found to be endothermic with a large energy gain of 1.53 eV (see Figure S2 (c) in the Supporting Information), implying CO could not dissociate on alkali-based photocathodes at room temperature. Therefore, the CO molecule shows relatively slower degradation effect to the QE of alkali-based photocathodes than O 2 and CO 2 .
3.5. H 2 O Adsorption on (001) Surface of Cs 3 Sb. Durek et al. 14 have studied the effect of water vapor on the photoemission of NEA photocathodes by introducing water vapor into the UHV system. They found that water vapor has a strong poisoning effect to photocathodes, and the lifetime of photocathodes is inversely proportional to the partial pressure of water vapor.
14 The computed adsorption configurations of H 2 O on the (001) surface of Cs 3 Sb are summarized in Table 6 . For H 2 O adsorption, only the parallel adsorption in the initial configurations is considered. The largest adsorption energy is found to be −0.78 eV at the Sb 2 site. The H 2 O lone pairs point toward one Cs atom on the top layer, and one H atom points toward the Sb in the second layer. The adsorption at Cs 2 and Cs 1 sites has lower adsorption energy of −0.58 and −0.34 eV, respectively. The H−O bond is elongated to 1.00 Å as compared to 0.97 Å in the gas phase, and the bond angle of the H 2 O molecule is slightly changed. From Bader charge analysis 33 Table 4 . Adsorption Configurations of CO 2 on Different Sites of (001) Surface a a Note that the "parallel" or "vertical" means the initial configuration of CO 2 on the surfaces before structural relaxation. Figure S2 (d) in the Supporting Information). Although the adsorption energy of H 2 O molecule is only slightly larger than that of CO, it has been shown to have more serious degradation effect to the QE than CO. We hypothesize that this degradation is the result of chemisorption of the water dissociation products on the surface of Cs 3 Sb, which contributes to the high reactivity of H 2 O on alkali-based photocathodes. Further verification of this hypothesis requires the calculation of reaction activation energies and rates, which is outside the scope of this paper.
3.6. N 2 and H 2 Adsorption on the (001) Surface of Cs 3 Sb. N 2 and H 2 molecules do not show obvious degradation effect to the QE of alkali-based photocathodes. 5 The adsorption configurations of N 2 and H 2 on (001) surface of Cs 3 Sb are shown in Tables 7 and 8 . Our calculations also find the adsorption energy of N 2 and H 2 is less than −0.14 eV for N 2 and less than −0.11 eV for H 2 . The distance from Cs to N and H is longer than 3.39 and 3.26 Å, respectively. The small adsorption energy and large distances suggest the vdW force is dominating the interaction between N 2 and H 2 molecules and Cs 3 Sb. Such vdW interaction has limited effects on the surface chemistry of photocathodes. Thus, alkali-based photocathodes are found to be inert to N 2 and H 2 . The Journal of Physical Chemistry C Article easily lose their valence electrons, the interaction strength of gas molecules with alkali-based photocathodes tends to be stronger for molecules that can accept extra electrons.
It is well-known that the O 2 molecule has a positive electron affinity of 0.45 eV, 39 thus, it prefers to accept electrons from photocathodes and binds strongly with the surface Cs atoms. The transferred electrons will occupy the antibonding orbital of O 2 molecule leading to the weakening and ultimately dissociation of the molecule. For CO 2 , although it has a negative electron affinity of −0.6 eV, 40 it has been shown that materials with low work function, such as alkali atoms covered materials, are reactive with CO 2 . 41, 42 Our calculations find an average of ∼1.3 e − transfer from the surface of Cs 3 Sb to the CO 2 molecule. The transferred electrons occupy the lowest unoccupied orbital and result in the bending of the molecule in most of the adsorption configurations. 43 Therefore, CO 2 also has high reactivity toward alkali-based photocathodes with adsorption energy of −1.9 eV. O 2 and CO 2 could significantly change the surface structure of alkali-based photocathodes due to their strong interaction with the surfaces. For example, O 2 and CO 2 could attract the neighboring Cs atoms forming cluster like structures at most sites on (110) surface as seen in Tables S1 and S2 in the Supporting Information. Considering the microcrystalline/ amorphous structure of the photocathodes fabricated in experiments, the adsorbed O 2 and CO 2 molecules will most likely attract the nearby alkali atoms, resulting in the formation of complex structures on the surfaces altering their electronic properties. The surface chemistry of photocathodes is expected to significantly change due to the variation in the composition and structure after the adsorption of these molecules. Therefore, the QE of the alkali-based photocathodes is sensitive to the exposure of O 2 and CO 2 .
For CO molecule, the adsorption energy on Cs 3 Sb is around −0.8 eV, and ∼0.6 e − is transferred from the surfaces to the molecule. The adsorption energy and charge transfer of CO are smaller than that of O 2 and CO 2 , which enables the desorption of CO from the surfaces. In the meantime, the large positive dissociation energy of 1.53 eV indicates that CO molecule prefers to adsorbed molecularly on the surfaces of Cs 3 Sb, resulting in slower degradation effects to the QE. For H 2 O molecule, its adsorption energy is approximately −1.0 eV, which is slightly larger than that of CO. However, H 2 O is expected to dissociate on Cs 3 Sb into the more reactive OH and H fragments, with an energy release of −2.04 eV, which we think is the source of the QE degradation induced by residual H 2 O.
For N 2 and H 2 , the adsorption energy on Cs 3 Sb is smaller than −0.3 eV, and the charge transfer is less than ∼0.4 e − . Thus, N 2 and H 2 are interacting with the alkali-based photocathodes physically and do not show obvious degradation effect to the QE.
CONCLUSIONS
For the first time, first-principles calculations based on DFT are performed to understand the degradation of the QE of alkalibased photocathodes with exposure to residual gases. The adsorption energy of gas molecules on alkali-based photocathodes follows the trend O 2 > CO 2 > H 2 O > CO > N 2 ≈ H 2 , which agrees well with the experimental data. The interaction strength is found to be related to the charge transfer from the surface alkali atoms to the molecules. O 2 and CO 2 could bind strongly on alkali-based photocathodes, resulting in significant change in the chemical composition and structure at the surfaces. Thus, the QE of alkali-based photocathodes are sensitive to O 2 and CO 2 . The adsorption energy of CO is much smaller than that of O 2 and CO 2 , which is in line with its slow degradation effect to the QE. H 2 O has an adsorption energy slightly larger than that of CO, while it can dissociate on the surface accelerating the degradation of photocathodes. N 2 and H 2 interact physically with alkali-based photocathodes without obvious change to the QE. The work function of alkali-based photocathodes depends strongly on the composition ratio of Cs/O at the surface, which is ascribed to the change of surface dipole with O adsorption. The results from present study demonstrate first-principles method to be a powerful tool for interpreting the experimental results on photocathodes. These theoretical calculations can be utilized to predict the performance of new photocathodes, ultimately leading to the design of high performance photocathodes in the future.
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